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Abstract—Low-frequency noise is studied in resistive-switching
memories based on metal–oxide polymer diodes. The noise spec-
tral power follows a 1/fγ behavior, with γ = 1 in the ohmic
region and with γ = 3/2 at high bias beyond the ohmic region.
The exponent γ = 3/2 is explained as noise caused by Brownian
motion or diffusion of defects which induce fluctuations in diode
current. The figure of merit to classify 1/f noise in thin films has
an estimated value of 10−21 cm2/Ω, which is typical for metals
or doped semiconductors. This value in combination with the low
diode current indicates that the 1/f noise is generated in the
narrow localized regions in the polymer between the contacts.
The analysis unambiguously shows that the current in bistable
nonvolatile memories is filamentary.
Index Terms—Diffusion noise, electrical properties, low-
frequency noise, nonvolatile memory, random telegraph noise,
resistive switching.
I. INTRODUCTION
R ESISTIVE switching in metal–oxide polymers hasbeen intensively studied for random access memories
(RRAMs). Detailed characterization has been reported us-
ing a variety of methods. Filamentary conduction and low-
frequency current fluctuations are often observed [1]–[3].
Although these experimental observations strongly suggest that
electrical-noise-based techniques can provide insight into the
localized conduction, surprisingly, few studies on noise in
RRAMs have appeared [2], [4], [5].
The 1/f noise as a fluctuation in the conductance has a power
spectral density proportional to 1/fγ with 0.9 < γ < 1.1.
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This behavior is commonly observed in the frequency range
[1 Hz, 100 kHz]. Low-frequency noise with a 1/f3/2 spectrum,
random telegraph noise, and multilevel switching noise are
considered as having a physical origin different with that of
the 1/f noise. This frequency dependence is often attributed to
diffusion-like processes. According to the general theory [6],
a large number of diffusion transport mechanisms give rise
to 1/f3/2. Voss and Clarke found a 1/f3/2 spectrum due to
number fluctuations of particles in Brownian motion [7]. The
1/f3/2 spectrum was also observed in a variety of metal–oxide-
related structures and attributed to transport noise associated
with long-range diffusion of hydrogen impurities in metal films
[8]–[10].
Noise with 1/f3/2 was also reported for thin silver films
subject to electromigration damage [11]. Here, the 1/f3/2 spec-
trum was attributed to long-range diffusion of atoms through
pathways opened during electromigration.
In this paper, we study the noise characteristics of metal–
oxide-polymer-based RRAMs as a function of the applied
voltage. The noise is studied in both frequency and time do-
mains. The findings provide evidence that, under a high bias, a
diffusion mechanism is responsible for the noise.
II. EXPERIMENT
The metal–oxide polymer memory consisted of an Al bottom
electrode, a sputtered layer of Al2O3 (20 nm), a spirofluorene
polymer (80 nm), and a Ba/Al (5 nm/100 nm) top electrode that
forms an ohmic contact with the polymer. The devices with an
active area of 1 mm2 were encapsulated to exclude O2 and H2O.
In all cases, positive bias voltage refers to the bottom aluminum
electrode being poled positive with respect to the top barium
electrode.
The I–V characteristic is measured with Agilent 4156C
semiconductor parameter analyzer. The noise is observed in the
frequency and time domains, through Agilent 35670A dynamic
signal analyzer. Current noise measurements are made under
a constant bias voltage through the internal bias supply of
the Stanford model SR570 current amplifier. The noise spectra
were analyzed with Agilent 35670A spectrum analyzer in three
frequency spans, i.e., 512 Hz–102.4 kHz, 16 Hz–3.2 kHz, and
0.5–100 Hz, in order to present spectral values from 1 Hz up to
100 kHz.
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Fig. 1. I–V characteristics in the ON and OFF states of an Al/Al2O3/PFO/
Ba/Al bistable resistive-switching diode. The inset shows the device structure.
III. RESULTS AND DISCUSSION
Pristine diodes were turned into programmable resistive-
switching memories by sweeping the voltage from 0 to 12 V.
After this electroforming process, the devices exhibit bistable
I–V characteristics, a low-conductivity state (OFF state), and a
high-conductivity state (ON state). Fig. 1 shows the correspond-
ing I–V characteristics.
The ON state shows a region with negative differential re-
sistance (NDR). It is assumed that the NDR region is caused
by a cascade of switching-off events that turns off the high-
conductivity state and the corresponding filamentary paths. The
I–V curve returns to the OFF state (see Fig. 1). The mechanism
that causes the switching-off at high bias (V > 6 V) remains
elusive. The application of a bias slightly above the onset of the
NDR regions will bring diode to the OFF state, and the 1/f3/2
behavior will not be observed.
The 1/f3/2 behavior is observed clearly before the onset of
the NDR. According to our view of the physical origin of the
NDR, we would expect that, as the highly conducting paths are
turned off, the 1/f3/2 behavior will disappear.
The memory is programmed between ON and OFF states with
voltage pulses with amplitudes corresponding to the top and
bottom of the NDR, which are about 2-5 and 8-10 V in Fig. 1,
respectively.
A detailed analysis of the ON-state I–V characteristics shows
that, below 2 V, the charge carrier injection is ohmic and, above
2 V, it becomes space charge limited (SCL), showing I ∝ V m,
with 3/2 < m < 2 [12], [13], as shown in Fig. 2.
The noise behavior of the current was measured for both
conduction regimes, with the usual 1/f noise interpretation and
application of the Hooge empirical relation [14], [15].
Hooge’s relation for the 1/f noise, the noise parameter C1/f ,
and the figure of merit qαμ is given by the following equation
[16], for homogeneous samples submitted to homogeneous
fields:
SI
I2
=
SV
V 2
=
SR
R2
=
SG
G2
=
C1/f
f
=
α
Nf
C1/f ≡ fSI
I2
=
α
N
= α
Rqμ
t2
⇔ C1/f = qαμ
t2
R (1)
where C1/f is the relative 1/f noise; SI , SV , SR, and SG are
the current, voltage, resistance, and conductance noise spectra,
Fig. 2. ON-state I–V characteristic represented in log–log plot showing the
transition from ohmic to SCL transport.
Fig. 3. Current noise spectrum in the transition from ohmic to SCL region,
indicating a diffusion mechanism at higher bias.
respectively; N is the number of free carriers; α is the Hooge
empirical parameter; q is the elementary charge; t is the the
thickness of the main contribution for resistance and noise; and
R is the device resistance.
Fig. 3 shows the spectra measured in the ohmic and the
NDR region.
For a bias of 0.5 V (ohmic region), the noise follows the 1/f
dependence. The C1/f is extremely high (1.8 × 10−6). Such
high values are expected when the current is carried by a low
number of free charge carriers [14], [15] or due to the presence
of nanoconstrictions [16], [17].
When the diode is biased at 5 V (SCL region), the noise
follows a 1/f3/2 dependence that is in close agreement with the
results of Ostadal et al. in Al/Al2O3/Au structures [16]. This
noise is presumably originated in a different physical process
than the 1/f noise.
Hence, a new physical mechanism becomes active at high
bias just below the NDR region. Switching was also proposed
as a new low-frequency noise source in high-temperature super-
conductors [19]. The influence on the noise from the diffusion
of defects originating switching conducting spots in the Al2O3
contacts is dominant over the 1/f noise of the polymer that
becomes proportional to I3/2 instead of I2 at low bias [2].
The qαμ value is often used as a figure of merit to compare
and classify 1/f noise in thin films [2], [20], [21]. For the
ohmic region, we calculated the coefficient qαμ by using the
polymer thickness t = 80 × 10−7 cm in (1); this results in
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Fig. 4. PDF of the RRAM with (a) 1 and (b) 5 V applied.
qαμ = 1.02 × 10−21 cm2/Ω. This value is equivalent to qαμ =
5 × 10−21 cm2/Ω in [2] and is typical for semiconductors,
metals, or polysilicon (10−21 cm2/Ω) [20], [21]. Switching-on
and switching-off of new channels at high bias are a diffusion
process (switch fluctuator) at the Al2O3 contact. That process
dominates the 1/f spectrum and the observed slope of the
spectrum (1/f3/2). The 1/f noise in the tunnel current through
thin AlxOy layers is often from another variety [20].
Analysis of the current level (3 × 10−4 A) at a bias of 5 V in
view of the Mott–Gurney law is given by the following equation
with values μ = 10−8 m2/V · s, ε0εr = 1.6 × 10−11 F/m, and
t = 80 nm as in [2]:
I =
9
8
Sε0εrμ
t3
V 2 (2)
where ε0εr represents the polymer permittivity, t is the polymer
thickness, μ is the mobility, S is the effective area, and V is the
critical voltage. The effective estimated area (≈ 10−8 m2) is
much lower than the real device area (10−6 m2). This strongly
suggests that the noise is generated in a small fraction of
the polymer sandwiched between a perfect contact and some
conducting spots at the AlxOy contact. This view is supported
by other studies which show that conduction is filamentary and
only a fraction of the device carries current [1], [3].
The noise was also measured in the time domain. Fig. 4
shows the probability density function (pdf) for (a) 1 and
(b) 5 V.
The noise in the ohmic region exhibits a typical Gaussian
response. Fig. 5 shows that, as the bias increases, the full-
width at half-maximum (FWHM) widens, and at 5 V, the noise
becomes non-Gaussian, as shown in Fig. 4(b).
Fig. 5. PDF representation with different biases. The inset shows the FWHM
of the Gaussian pdf for each different bias.
The inset of Fig. 5 shows that FWHM increases rapidly
above 3 V. Widening of FWHM can be seen as indication that
more conducting paths become active at higher bias. Indeed, as
the bias approaches the top of the NDR region, the system can
develop multilevel switching which shows as random telegraph
signal (RTS) noise.
From a physical point of view, the signature of the noise
described previously is consistent with a localized conduction
in narrow regions of the Al2O3 layer. These local conducting
regions can be established by some microscopic diffusion of
defects. The fact that the noise follows a 1/f3/2 behavior
supports this view.
The chemical nature of the oxide defects is still a matter
of debate. Oxygen-vacancy migration is becoming a popular
model to explain the formation of conducting paths through
the oxide layer [21], [22]. Nian et al. [22], proposed that the
resistance change in Ag/Pr0.7Ca0.3MnO3/Pt heterostructures
is proportional to the concentration of oxygen vacancies. The
authors also compared the resistance relaxation behavior of
their samples with the oxygen diffusion in Bi2Sr2CaCu2O8+δ
samples [21]. The conclusion was that switching is related
to the stack of oxygen vacancies near the metal electrodes.
Quintero et al. [23] reported that the resistive switching in
silver/PryLa0.375−yCa0.325MnO3/silver shows a maximum at a
certain low temperature. The data were interpreted in terms of
an oxygen content dependence with temperature. This observa-
tion was in agreement with the anomalous temperature behavior
reported by Gomes et al. [24].
IV. CONCLUSION
The noise behavior of resistive-switching memories has been
studied. For the conducting state at high bias where NDR can
occur, the noise shows 1/f3/2 frequency dependence which
is normally assigned to a diffusion process. This supports the
view that the migration of oxygen vacancies promotes the
establishment of local conducting spots over the oxide layer
in contact with the Al bottom contact. Under high biases,
Brownian motion may induce microscopic fluctuations in the
conducting paths with corresponding fluctuations in diode
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current. The noise becomes non-Gaussian and approaches to
an RTS type of noise.
The analysis of the relative noise intensity reveals the esti-
mated figure of merit qαμ = 10−21 cm2/Ω, which is typical for
conducting materials such a metals or doped semiconductors.
The low current levels in the device and the value for qαμ
support the view that the regions responsible for current and
noise must be narrow localized regions in the polymer with a
common perfect contact and separated conducting contact spots
at the AlxOy oxide layer.
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